Summary. Six strains of Salmonella typhimurium (W 118, TML, SL1027, LT7, M206 and Thax 1) of different virulence were examined for the presence of antigens which react with antibodies to cholera toxin (anti-CT). A fluorescent-antibody-labelling technique employing anti-CT was used to analyse antigen expression. A rapid increase in the proportion of cells producing a CT-related antigen was demonstrated in cells in early log phase (1-4 h growth) followed by a rapid decline during mid-late log phase in each of the six strains. The nature of the CT-related antigen was analysed by immunoblotting using anti-CT. An antigen of mol. wt equivalent to a high-mol. wt species of CT B subunit was detected in polymyxin-B extracts of all strains but greater amounts were observed in the strains that we consider avirulent. Nothing equivalent to a CT A-related subunit was observed in any of the strains. The relatedness of the salmonella antigen to CT was limited. The high-mol. wt antigen was not disrupted in the denaturing conditions of SDS-PAGE ; nothing was detected by enzyme-linked immunosorbent assays with either ganglioside or anti-CT as anchor.
Introduction
Relatively little is known with certainty about the mechanisms responsible for induction of intestinal fluid secretion by Salmonella typhimurium. Of all the possible aspects, the subject of enterotoxin production and its role in vivo is still the most controversial . Firstly, enterotoxin activity has been detected in unconcentrated, unfractionated culture filtrates (Sedlock and Deibel, 1978) , culture filtrates concentrated or fractionated or both (Sandefur and Peterson, 1976) , outermembrane fragments (Koupal and Deibel, 1975) , bacterial sonicates (Peterson et al., 1981) and polymyxin-B extracts (Wallis et al., 1986) . Secondly, various test systems for enterotoxic activity have been used resulting in S. typhimurium enterotoxin being reported to resemble Shiga toxin (O'Brien et al., 1982) and Escherichia coli heat stable toxin (Jiwa and Miinsson, 1983) ; however most evidence supports the existence of a toxin related to cholera toxin (CT).
Such likeness to CT is based on indirect evidence from Y1 adrenal and Chinese hamster ovary (CHO) tissue-culture assays (Sandefur and Peterson, 1977 ; Jiwa, 198l) , the rabbit skin permeability test, and the rabbit ileal loop test (RILT) (Sandefur and Peterson, 1976; Sedlock and Deibel, 1978; Wallis et al., 1986) . Some workers have demonstrated an antigenic relationship with CT on the basis of neutralisation of active extracts in these assays by anti-CT (Sandefur and Peterson, 1977 ; Jiwa, 198 1) and by an enzyme-linked immunosorbent assay (ELISA) based on anti-CT (Peterson et al., 1981) . However, the fact that the results obtained with one method of toxin assay often have little predictive value for other assays (Jiwa, 1981 ; Peterson et al., 1981 ; Stephen et al., 1985) clearly indicates that the relationship of salmonella enterotoxin with CT is not simple. Direct evidence for a CT-related toxin has been provided by Finkelstein et al. (1 983) , who purified a protein with structural and biological similarities to CT from the pathogenic strain W 1 18 of S. typhimurium; however the yield of CT-like toxin obtained was low. Furthermore, they did not report on the bioassay of their crude extracts as distinct from their purified product.
In this laboratory we have already examined 1 40
enterotoxin production by several strains of S. typhimurium of different virulence (Wallis et al., 1986) . We here report further investigations into the presence of a CT-related antigen in these strains.
Materials and methods

Strains of S. typhimurium
Strains TML and W 118, isolated from human cases of diarrhoea, were diarrhoeagenic when given to monkeys, and both invaded rabbit ileal mucosa and caused fluid accumulation in the RILT (Giannella et al., 1973) . Strain SL1027 caused diarrhoea in only one out of 13 monkeys, invaded rabbit ileal mucosa, but caused no fluid accumulation in RILTs. Strain M206 did not cause diarrhoea in monkeys, was only occasionally invasive of rabbit ileal mucosa and, in our hands (Wallis et al., 1986) caused negligible fluid accumulation in RILTs. These experiments showed that the ability to induce fluid secretion in RILTs correlated with the ability to cause disease in monkeys (and, for TML and W118, in man) and that invasiveness of strains per se did not result in fluid secretion in RILTs. Thus, using the RILT as a reasonable model for S. typhimurium diarrhoea1 disease, we regard strains TML and W 1 18 as virulent and have previously designated them (Wallis et al., 1986) as invasive and inducers of fluid secretion (+ +), and strains SL1027 and M206 as invasive and not inducive of fluid secretion, i.e., a (+ -) biotype. On the basis of RILTs, we regard strain LT7 as invasive but not inducive of fluid secretion (+ -biotype) and strain Thax 1 as neither invasive nor inducive of fluid secretion (--biotype; Wallis et al., 1986) . Strains LT7 and Thax 1 were not tested in monkeys. We regard (+ -) and (--) strains as avirulent .
Growth
All strains were stored according to the methods of Wallis et al. (1 986) . For liquid culture, stored strains were thawed at room temperature and used to inoculate 80 ml of Casamino Acid Yeast Extract (CYE) medium :
This was incubated overnight at 37°C with shaking (120 rpm) and 5-ml volumes of overnight cultures were used to inoculate further 80-ml volumes of CYE medium which were incubated at 37"C, with shaking, for various times. Viable counts were determined by plating samples on to MacConkey Agar (Lab M). Total counts were obtained by use of a Thoma counting chamber.
Cell fractionation
At 6 h, organisms were harvested by centrifugation at 10 000 g for 15 min at 4°C. Cell pellets were resuspended in 80 ml of toxin release buffer (TRB; Wallis et al., 1986) . TRB suspensions were incubated at 37°C for 7 min, with shaking; they were then centrifuged at 15 000 g for 30 min at 4"C, and the supernates sterilised with 0.2-pm filters (Sartorius, Sutton) and concentrated 10-fold by ultrafiltration (PM10 membrane; Amicon, Stonehouse). The concentrated extracts were dialysed for 48 h at 4°C against two changes of 2 L of Tris (62-5 mM; pH 6.8) and stored at 4°C before use.
Antiserum
New Zealand white rabbits (2-0-2-5 kg) were bled before immunisation. Antisera were prepared by immunisation with immunopurified cholera toxoid (kindly provided by Dr R. 0. Thomson, Wellcome Biotechnology Ltd, Beckenham) emulsified in Freund's complete adjuvant (to give 200pglml). One ml was given subcutaneously in the scapular region on two occasions one week apart. At least 8 weeks later, rabbits were given booster injections of 1 ml of antigen in Freund's incomplete adjuvant and were bled after a further 2 weeks. Sera were collected and the IgG fraction was separated by addition of saturated ammonium sulphate to a final concentration of 45% w/v, dialysis against acetate buffer (sodium acetate 4.1 g/L, acetic acid 1.2 ml/L; pH 5-0) for 24 h, and then ion exchange chromatography on DEAE Sephadex A50 (Pharmacia, Milton Keynes) equilibrated in the same acetate buffer. Fractions containing IgG were collected, pooled and concentrated to approximately4 mg of protein per ml by ammonium sulphate precipitation (final concentration 45% w/v), dissolving in water and dialysis against phosphate buffered saline (PBS: NaCl 4-25 g/L, KH2P04 2-44 g/L, Na2HP04 8-09 g/L; pH 7.2). Crossreacting antibodies to E. coli were removed by repeated absorption with E. coli K12: 0-5 ml of IgG preparation was added to a pellet containing lo8 organisms which had previously been washed with 0.9% NaCl; the pellet was dispersed, shaken (30 min, 37°C) and recentrifuged; the supernate was then transferred to a fresh pellet of washed organisms, and the procedure repeated seven times.
Polyacry lamide gel electrophoresis
Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulphate (SDS-PAGE) was performed according to the method of Laemmli (1970) with 10% acrylamide gels of dimensions 16 x 1 1 x 0.15 cm. TRB extracts prepared from strains TML (+ +) SL1027 (+ -) and Thax 1 (--) were brought to equal protein concentrations and loaded on to the gel (120pg of protein). Standards were included, with the following mol. wts (lo3) : myosin 205, P-galactosidase 1 16, phosphorylase b 97.4, bovine albumin 66, egg albumin 45, glyceraldehyde-3-phosphate dehydrogenase 36, carbonic anhydrase 29, trypsinogen 24, trypsin inhibitor 20.1, alactalbumin 14.2 (Sigma, Poole).
Immunoblo t t ing
After electrophoresis, samples were transferred to nitrocellulose (BA 85 Schleicher and Schuell ; Anderman, Kingston-on-Thames) by use of a Trans-Blot Cell (BioRad, Luton) at 350 mV for 16 h. After blocking with bovine serum albumin (BSA) 3% w/v and Tween 20 1% v/v in PBS for 1 h, the blot was washed three times for 5 min each in PBS, and incubated for 16 h with the IgG fraction of either anti-CT or pre-immunisation serum each of which was diluted 1 in 1000 in blotting buffer (BSA 0.1%, Tween 20 0.1% in PBS). After three repeat washings, the blot was incubated with goat-anti-rabbit peroxidase, (GARP; Miles Yeda, Slough) at 1 in 2000 dilution in blotting buffer for 5 h. After washing, the blot was developed with reagents comprising 1 -dichloronaphthol (Sigma) 60 mg (prepared in 3 ml of methanol) added to 100 ml of 50 m~ Tris/HCl, pH 7.2, containing 40 pl of H202 30% V/V.
Quantitative assessment offluorescently labelled organisms
All six strains of S. typhimurium were cultured over a 24-h period. Samples were taken at intervals, adjusted to approximately lo9 cells/ml after a total count, and 10-p1 samples were placed on to multispot microscope slides (4 mm diameter, teflon coated; Hendley, Essex) and allowed to dry. Slides were then fixed in dry acetone (2 min) followed by washing in fluorescent antibody phosphate-buffered saline (FAPBS ; NaCl 8-5 g/L, Na2HP04 1.07 g/L, NaH2P04-2H20 0.39 g/L; pH 7.1) for 20 min; they were then placed in blocking solution of BSA 3% w/v in FAPBS for 30 rnin and washed in FAPBS for 15 min. Slides were incubated with the IgG fraction of either anti-CT or pre-immunisation serum (1 in 200 in FAPBS) for 2 h followed by washing with FAPBS for 10 min; they were then probed with FITC-labelled goatanti-rabbit serum (Wellcome Reagents Ltd, Beckenham; diluted 1 in 20 in FAPBS plus rhodamine 5% v/v) for 30min, washed for lOmin, and mounted in alkalinebuffered glycerol : NaHC03 0-175 g/L, Na2C03 0.16 g/ L, glycerol 90% v/v containing DABCO (1 ,Cdiazobicyclo (2,2,2)-octane : triethylene diamine 2.5% w/v; Sigma). Counts of fluorescently labelled bacteria, and total bacterial counts, were obtained from photographs of the same field taken with UV and phase-contrast illumination respectively. From the mean counts for three fields, the ratio of fluorescent to non-fluorescent organisms was calculated, thus giving the proportion of antigen-bearing organisms.
ELISA
Ganglioside anchor. The ELISA for CT with GM, ganglioside was that of Svennerholm and Holmgren (1978) with modifications. Briefly, gangliosides (5 pg/ml; type I11 Sigma; 100pl/well) were bound to wells of microtitration plates (Nunc Immunoplate I1 ; Gibco, Uxbridge) in coating buffer (Na2C03 1.59 g/L, NaHC03 2-9 g/L; pH 9-6) for 4 h at 37°C in a humid chamber. Plates were washed in phosphate-buffered saline containing Tween 20 (PBS-T; NaCl 8 g/L, KH2P04 0-2g/L, Na2HP04 2.8 g/L, KC1 0.2 g/L, Tween-20 0.5% v/v; pH 7.4) three times for 5 rnin each. Unbound sites were blocked with BSA 3% w/v in PBS-T (200pl/well) for 30min at 37°C. Plates were again triple washed with PBS-T before adding test samples (100 pl/well) and incubating at 37°C for 16 h. After further triple washing, samples were probed with the IgG fraction of anti-CT (diluted 1 in 500 in PBS-T, 100 pl/well; 5 h at 37"C), triple washed with PBS-T, incubated with GARP (1 in 1000 in PBS-T, 100 pl/well; 2 h at 37°C) and again triple washed with PBS-T. Samples were detected with substrate buffer (0.1 M citric acid, 49 ml, and 0.2 M Na2HP04, 51 ml; pH 5.0) containing o-phenylenediamine (34 mg/ 100ml; Sigma) with H 2 0 2 (40% v/v, Sigma; 40pl/ 100 ml). Plates were developed for 30 rnin at 37°C and the reaction stopped with H2S04 (12.5% v/v; 50 pl/well) before measuring the colour intensity spectrophotometrically with a Titretek Multiskan (Flow, Rickmansworth) at 495 nm.
Antitoxin anchor. An alternative ELISA method was developed with anti-CT anchor in place of gangliosides. The IgG fraction of anti-CT (described above) was added to the wells of the microtitration plates (100 pl, 1 in 100 dilution in coating buffer) for 4 h at 37°C in a humid chamber. Washing, blocking and sample-addition were as described for the ganglioside-based ELISA. Samples were probed with a conjugate of anti-CT and horseradish peroxidase, prepared according to the method of Redmond et al. (1985) . The conjugate was added to the wells of the microtitration plates (1 in 200 dilution in PBS-T, 100 pl/well) and left for 2 h at 37°C. This was followed by washing and developing as described for the ganglioside-based ELISA.
'
Results
Quantitative assessment ofjhorescently labelled organ isms
Cultures of each of the six strains were examined at various time intervals for CT-related antigen production, by fluorescent antibody labelling. Fig. 1 shows the changes in the number of fluorescently labelled organisms during culture of strain W 1 18. Labelling increased rapidly during early log phase of growth from an initial low level to a peak at 4 h. During this time there were profound changes in morphology and antigen distribution within bacteria. Cells increased in length (figs. 2a and b), and fluorescence was either distributed throughout the cytoplasm, or was predominantly polar and at the septa between dividing bacteria (figs. 2d and e). The proportion of labelled bacteria was maximal at mid-log phase ( fig. 2e) , thereafter decreasing during late-log phase and early stationary phase ( fig. 2f ) during which time cell-length was reduced and phase-dark polar bodies became prominent (fig. and revealed stained bands at mol. wts (lo3) c. 44 and c. 30, in the absence of boiling, corresponding to 4B and A subunits ( fig. 5 ). In addition, another band in the CT control was routinely present with an apparent mol. wt of c. 62. Repeated attempts to discover the physico-chemical significance of this result have provided no explanation for it: the observed mol. wt value of 62 x lo3 is greater than that of 5B and less than that of 6B. Because of its other properties (staining with anti-CT, disappearance upon boiling) we have chosen to allude to it as 5B. After boiling, the multimeric B subunits were lost, with the concurrent appearance of monomeric B subunit at mol. wt c. 11 x lo3. The polymyxin-B extracts from each of the three strains gave rise to a stained band which always corresponded with the stained band from CT of about 62 x lo3 mol. wt. The extract from strain TML (+ +) gave rise to a band of lower intensity than the extracts from either strain SL1027 (+ -) or strain Thax 1 (--). This CT cross-reactive band, however, was not disrupted by boiling. No band equivalent to the CT-A subunit was observed in any of the three strains.
2c). No fluorescence was observed without prior treatment with acetone. Similar results were obtained with each of the six S. typhimurium strains examined ( fig.3) . The proportion of bacteria bearing CT-reladd antigen was greatest at 1-4 h during early to mid-log phase of growth, with a corresponding distribution within the cell and change in cell morphology. Subjective assessments of the degree of fluorescence between cells at the peak of fluorescent staining indicated a greater intensity of labelling in strain Thax 1 (fig.  4 ) than in strain W118 ( fig. 2e ).
Immuno blot t ing
Only pre-immunisation sera which were demonstrably negative, and anti-CT from the same animals, were used for immunoblotting because it was frequently observed that blotting with some pre-immunisation sera gave rise to positive staining of CT.
Six-hour cultures of strains TML, SL1027 and Thax 1 were taken and processed with TRB. After concentration and dialysis (to remove the polymyxin-B in TRB from interfering with SDS-PAGE), samples were adjusted to equal protein concentration before SDS-PAGE and immunoblotting against anti-CT and pre-immunisation serum. CT, included as a control, was detected by anti-CT
ELZSA
None of the salmonella extracts which gave a positive result when immunoblotted with anti-CT gave positive results in ELISA with either ganglioside or anti-CT as anchor, even though the expected result with authentic CT was reproducibly obtained in both assays. The two ELISA methods were of equal sensitivity, similar to that previously published (Svennerholm and Holmgren, 1978) and approximately 1 00-fold more sensitive than detection of CT by immunoblotting (table).
Table. Sensitivity of detection methods for cholera toxin (CT)
Limit of detection Assay (ng/ 100 PO* Ganglioside ELISA
1.5
Anti-CT ELISA
1.0
Immunoblotting 100 * Lowest concentration detectable by each assay.
Discussion
We have investigated the kinetics of production of a CT-related antigen in several strains of S.
typhimurium.
Pre-immunisation sera from several rabbits con- Fig. 2 . Demonstration of CT-related antigen in S. typhimurium strain W 1 18. Each sample was treated with acetone and probed with anti-CT and then examined by phase contrast and fluorescence microscopy: a, b and c represent typical fields by phase contrast microscopy of samples taken at 1,3 and 6 h respectively; d, e and fare the same fields examined by fluorescence microscopy. Black arrows indicate bacteria not expressing CT-related antigen; the arrow on d indicates a bacterium expressing CT-related antigen throughout the cytoplasm; the arrow on e indicates a bacterium expressing CT-related antigen in polar regions. tained low levels of circulating antibodies capable of recognising CT by immunoblotting. Sera from such rabbits were rejected for fluorescent antibody labelling of organisms and for immunoblotting of extracts. Presumably, these antibodies indicate prior exposure to, for example, enterotoxigenic E. coli, Campylobacter spp. or Salmonella spp. This could have implications for immunity to infection, and might form at least part of the explanation for the variability reported by Wallis et al. (1986) and by many others using the RILT for studying S. typhimurium enterotoxin. All strains showed a very similar pattern of antigen expression during growth : rapid increase followed by an equally rapid decrease in the percentage of organisms producing antigen. Peak expression occurred about mid-log phase of growth in the medium employed, suggesting a wellregulated expression for the antigen. By manipulation of the growth conditions, it might be possible to maximise the number of cells bearing the antigen and hence improve the yield without recourse to large-scale culture facilities.
The nature of the CT-related antigen detected by the fluorescent antibody labelling technique was analysed by immunoblotting with anti-CT. A CT cross-reactive band was observed in concentrated polymyxin-B extracts from three strains at mol. wt c. 62 x lo3, corresponding to a band in the CT sample. The behaviour of the CT standard was unusual in giving rise to an atypical subunit composition: a 5B (or possible 6B) subunit was present at 62 x 1 O3 mol. wt, rather than the expected 5.5 x lo3 mol. wt; and a 4B subunit was observed at 44x lo3 mol. wt. These results with CT were reproducible in seven experiments and their B subunit nature was confirmed by their disruption upon boiling. The presence of a 4B subunit in aged preparations of CT has been reported previously (Gill, 1976) . The antigen detected in S. typhimurium was not directly equivalent to the high mol. wt CT-B aggregate by virtue of a lack of dissociation upon boiling of the samples before electrophoresis. This point may relate to a lack of processing, possibly involving proteolytic nicking similar to that required for activation of subunit A of the heat-labile toxin of E. coli (Clements and Finkelstein, 1979; Tsuji et al., 1984) .
Additional differences between CT and the '5B-related' antigen of S . typhimurium were detected by ELISA. No CT-related antigen was detected in the extracts of S. typhimurium by the ganglioside-based ELISA. This suggests a different binding specificity for CT and the 5B-related antigen. It is possible that the glycoprotein which binds subunit B of the heat-labile toxin of E. coli (Holmgren et al., 1982 and might be a more suitable anchor for such tests. Also, the CT-related antigen was not detected in the anti-CT based ELISA. This might be due to the use of the same anti-CT as both anchor and primary probe of the CT-related antigen : if only a limited number of epitopes on the CT-related antigen are recognised by the antiserum against CT, these would be recognised by the anti-CT anchor and may not be available for binding of further anti-CT as primary probe. Thus the evidence from SDS-PAGE and ELISA experiments suggests that the S. typhimurium CT-related antigen bears only limited relatedness to CT both structurally and antigenically.
No material related to A-subunit was observed by immunoblotting. Possible reasons include lack of any A-related subunit, lack of a CT A-related cross-reactive subunit, or levels of CT A-related subunit too low to detect. This latter point relates to the amount of cholera-like toxin purified by Finkelstein et al. (1 983) : calculations from their data suggest that our immunoblotting technique was not sufficiently sensitive to have detected CT-A if the concentration in our original culture was similar to theirs.
At present, we cannot be dogmatic about the biological relevance of this CT-related antigen. It is just possible that it is simply a protein with limited antigenic but no biological relation to CT. However, we feel this may not necessarily be so: preliminary data from this laboratory suggest that, if one manipulates cultures such that a higher proportion of organisms in a given population express CT-related antigen, a higher frequency of controlled positives are obtained in the RILT with (+ +) type organisms. Further work is in progress to define the optimal bacterial phenotype for induction of maximum fluid response in this system ; specifically we wish to determine whether or not the CT-related antigen is in fact related to a CTlike toxin and, if so, to explain why strains that we consider avirulent (SL1027, Thax 1) produce more than the virulent (TML) strain.
